Two different experiments utilizing the motor imagery of nger movement were conducted. We attempted to reveal the difference in corticospinal excitability between tonic contraction (TC) and rhythmic movement (RM) by transcranial magnetic stimulation (TMS). The magnetic coil was placed over the subject s primary motor cortex to elicit motor-evoked potentials (MEPs) by TMS. We have previously shown that the MEP amplitude is modulated by the frequency of active and passive nger movements. We hypothesized that visual feedback affects the corticospinal excitability. In the present study, the subject observed both TCs and RMs, and the MEP amplitudes elicited by TMS during both tasks were analyzed to assess changes in corticospinal excitability in uenced by the motor imagery. A mirror box was used to show the subject the nger movement executed by a third person as if it were his own nger movement. For the TC task, the third person performed a pinching task consisting of TC of the index nger and thumb. The subject received visual feedback of the TC in the mirror. For the RM task, the subject observed the mirror while the third person performed RM of the index nger until TMS was applied. The frequencies of nger movement were 0.5, 1, 2, 3, and 4 Hz. The resulting MEP amplitudes for the RM task at movement frequencies of 2, 3, and 4 Hz were signi cantly lower than that for the TC task. These results indicate that corticospinal excitability is increased by visual feedback of TC but is modulated by that of RM.
Introduction
Transcranial magnetic stimulation (TMS) is a noninvasive method for stimulating cortical neurons [1] . In TMS, a magnetic coil placed over the primary motor cortex (M1) generates eddy currents inside the cortex that subsequently activate cortical neurons. Corresponding motor-evoked potentials (MEPs) can be measured by electromyography (EMG) performed on peripheral muscles. Thus, TMS can be used to evaluate the corticospinal excitability related to motor functionality by measuring the MEPs in the target muscle.
In our previous study, a frequency-dependent change in the MEP amplitude of the rst dorsal interosseous (FDI) muscle elicited by TMS was observed during passive and active rhythmic exion-extension movements of the index nger [2] . These ndings indicate that human corticospinal excitability is in uenced by ascending volleys, such as proprioceptive and visual information.
Edwards et al. [3] reported that proprioceptive information decreased corticospinal excitability. In positron emission tomography studies, action observation was shown to activate the brain regions involved in the planning and generation of actions [4, 5] . Visual information from motor imagery reduced MEP latency or facilitated corticospinal excitability [6, 7] . In experiments using a mirror, Kumru et al. [8] reported that visual feedback played an important role in modulating motor cortex excitability. Since the subjects in those experiments moved their own nger, it is possible that both somatosensory information and motor commands were associated with changes in corticospinal excitability of the target muscle. Fadiga et al. [9] reported that excitability in the motor system increased when a subject observed an action performed by another individual.
Therefore, to con rm whether frequency-dependent changes occur during a visual feedback task, it is necessary to measure corticospinal excitability without any proprioceptive information ascending to the human cortical area during rhythmic movement (RM). We designed an experiment to eliminate the in uence of proprioceptive information during a visual feedback task, wherein the subject observed the movement performed by a third person in a mirror. In this study, we conducted a TMS experiment to assess the corticospinal excitability during observation of either a tonic contraction (TC) or RM of the index nger. We compared the MEP amplitudes elicited by TMS during the TC and RM tasks. Finally, we assessed the effect of the visual feedback on corticospinal excitability during the RM task.
Materials and Methods

Subjects
Ten right-handed, healthy male subjects (mean age ± S.D.: 22.5 ± 0.92 years) participated in this experiment. Written informed consent from participants and approval from the local ethics committee of the Maebashi Institute of Technology were obtained before the experiment. None of the participants had been diagnosed with any neurological disease.
Experimental Setup
We conducted a TMS experiment to assess corticospinal excitability during observation of nger movement during the visual feedback task. Figure 1 shows the experimental setup for observation of the TC and RM tasks. The subject wore a foam supporter cap for TMS coil xation and placed his right upper arm in the mirror box on the table. A third person sat in a chair and placed his left hand on the table. The third person was instructed to avoid touching the subject s arm during each task. Wooden xation devices were used to maintain the hand postures of both the subject and the third person. Figure 2 shows the subject s view of the mirror. To present only visual feedback and prevent any disagreement between visualization of the task and proprioception, the mirror box presented the third person s hand in the same position as the subject s hand inside the box. The subject held the wooden stick with his right hand inside the mirror box. The third person held the wooden stick with his left hand in front of the mirror box, and pseudo electrodes were attached over his FDI muscle. The subject and third person wore identical black gloves. This setup permitted the subject to recognize the hand of the third person re ected in the mirror as his own hand and sense the apparent movement during the tasks. A laser sensor was used to monitor the frequency and accuracy of the RMs.
TMS was used to evaluate the corticospinal excitability associated with human motor function by measuring MEPs in the target muscle. For TMS, a gure-of-eight coil with external loop diameters of 70 mm was placed over the left M1 at the optimal scalp position to elicit motor responses in the contralateral FDI muscle. The induced current owed in a posterior-anterior direction. Prior to the experiment, we con rmed the low levels of the EMG signal of the right hand at rest. The TMS pulse intensity was 150% of the resting motor threshold (rMT), where rMT was dened as the lowest stimulation intensity capable of evoking MEPs over 50 μV in at least ve out of 10 consecutive trials.
Observation of the Tonic Contraction Task
Prior to the TC task, we determined the resting MEP amplitude by TMS with the subject s eyes closed, averaging the values from 10 trials. The subject was asked to place his right arm inside the mirror box on the table. The subject then observed the TC of the index nger and thumb performed by the third person, as shown in Fig. 3 . With the nger initially extended, the third person began the TC on hearing a buzzer sound and continued the TC for 3 s, while the subject observed the re ection of the movement in the mirror. TMS was initiated 3 s after the start of the TC task. The inter-trial interval between TMS pulses was 20 s, and 10 trials were conducted for each subject. Because voluntary movement could affect the results, we con rmed that voluntary EMG activity was suf ciently low during the TC task.
Observation of the Rhythmic Movement Task
The experimental setup was the same as that for the TC task (see Fig. 1 ). The subject viewed the rhythmic exion-extension movement of the third person s index nger re ected in the mirror. The third person initiated the RM on hearing a buzzer sound and synchronized the RM with the sound. Movement frequencies were 0.5, 1, 2, 3, and 4 Hz, and the TMS was conducted from 0.5 to 4 Hz in the same pattern for each of 10 trials. Resting MEP amplitudes with the subject s eyes closed were measured for an additional 10 TMS trials at each frequency. Figure 4 shows the timing of the TMS. The laser sensor was used to measure the displacement of the third person s nger. When the third person began the RM, the pulse counter started measuring the elapsed time from the onset of movement. The duration of the movement until TMS application was at least 10 s. We conducted 10 trials for every subject at each frequency. Figure 5 shows the experimental setup for measuring the MEPs. The system consisted of two analog-to-digital converters (ADC-1: USB-6008, ADC-2: USB-6012, National Instruments Co. Ltd., Austin, TX, USA), a laser displacement sensor (Keyence Co. Ltd., Osaka, Japan), a pulse counter (Arduino Uno, Italy), an EMG ampli er (self-made device), and a TMS device (Magstim 200, Magstim Co. Ltd., Whitland, Dyfed, UK). LabVIEW software (National Instruments Co. Ltd., Austin, TX, USA) was used for data collection. ADC-1 recorded the output of the laser displacement sensor, the EMG signal of the FDI muscle, the peak detection pulse and the TMS trigger pulse. ACD-2 was used for real-time peak detection of the movement trajectory of the third person s ngertip. The EMG signal from the FDI muscle was simultaneously measured with a sampling frequency of 1 kHz. During the RM task, following detection of the rst peak of the nger movement by the laser displacement sensor, a single pulse was sent from ADC-2 to ADC-1 and pulse counter. When the rst peak value was detected and when more than 10 s had elapsed from the rst peak detection, pulse counter sent a trigger pulse to the TMS device. Once triggered, TMS was applied over the target area of the subject s left M1. Data analysis was automatically performed using software custom developed in MATLAB (MathWorks Co. Ltd., Natick, MA, USA). We measured peak-topeak amplitudes for MEPs on the EMG signal. The frequency of the RM performed by the third person was calculated from nger displacement using the frequency of detected peaks. One-way analysis of variance was performed to evaluate the effect of visual feedback on changes in corticospinal excitability. Post-hoc analyses using the Tukey-Kramer test were performed to determine the signi cance of the effect. Figure 6 shows representative data measured during the RM task. Figure 7 shows a recorded MEP waveform and the corresponding TMS trigger. The MEP amplitude was de ned as the peak-topeak voltage difference, with maximum and minimum values indicated by the red circles in Fig. 7 . The MEP occurred after the TMS trigger pulse, with a latency of 23 ms in this trial. We conrmed that all MEP latencies were in the range of 22 to 28 ms. A summary of the actual movement frequencies obtained from the output of the laser sensor is shown in Table 1 , indicating the maximum and minimum MEP latency and movement frequency that subjects observed. We con rmed that the frequency of RMs was within a 5.1% margin of error. To con rm that there was no voluntary movement, we calculated the root mean square (RMS) of the background EMG signal that was measured for 3 s just before the TMS in all tasks. The highest ratio for the RMS of the background EMG signal at rest to that during action observation was 1.74 for subject No. 4. However, the RMS of the background EMG signal at rest was 3.11 μV, while that during the action observation task (TC) was only 5.41 μV for this subject. These values indicate the noise level, which is not very different between the rest and task conditions. Figure 8 shows the MEP amplitudes during observation of Fig. 4 Timing of TMS during the RM task.
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Fig. 5
Experimental setup for measuring MEPs during the RM task. A laser sensor measures the waveform of rhythmic nger movement performed by the third person. ADC-1 records the output of the laser sensor, the EMG signal, the peak detection pulse and the TMS trigger pulse. ADC-2 is used for real-time peak detection.
Advanced Biomedical Engineering. Vol. 6, 2017. (44) the nger movements during the TC and RM tasks. The MEP amplitudes were normalized with respect to the resting MEPs (TMS with eyes closed). The error bars represent the standard error. The largest MEP amplitudes were elicited after observing the TC task. For the RM task, the MEP amplitudes were lower at all frequencies compared to the TC task. The lowest MEP response was measured at 3 Hz. Compared to observation of TC, MEP amplitudes for observation of RM decreased signi cantly at 2, 3, and 4 Hz (p < 0.01). Moreover, compared to observation of RM at 0.5 Hz, MEP amplitudes decreased signi cantly at 3 Hz (p < 0.01), and at 2 and 4 Hz (p < 0.05).
Discussion
TMS of the motor cortex area was performed during visual feedback tasks using a mirror box. The subject observed TC of the [10] reported that corticospinal excitability decreases with rhythmic arm movements compared to TC. Our results indicate that visual feedback of movement affects corticospinal excitability in a manner similar to actual movement. In a study using paired-pulse TMS, Kumru et al. [8] reported that visual feedback plays an important role in modulating motor cortex excitability. Our results indicate that dynamic visual feedback elicits greater changes in corticospinal excitability than static visual feedback (Fig. 8) .
We have previously reported frequency-dependent modulation of corticospinal excitability during actual passive and active rhythmic exion-extension nger movements [2] . The MEPs evoked by TMS at a movement frequency of 2 Hz were signicantly reduced in both tasks. We surmised that instead of the motor cortex, a central pattern generator contributes to the rhythmic nger movements. The results suggest that integration of visual feedback and proprioceptive information alters the MEPs. Moreover, we hypothesized that the changes in corticospinal excitability also exhibits frequency dependence during the motor imagery task. We developed a novel experimental setup using a mirror box, which would eliminate the effect of proprioceptive information of muscle spindles and tendons during RM. The motor imagery generated by viewing a third person s rhythmic nger movement in a mirror attenuated MEPs in a frequency-dependent manner, compared to the TC task. This modulation was not due to hand movement, because the subjects hands were closely monitored by EMG during the experiment to ensure there was no voluntary movement. The MEPs were altered while the subject observed the RM in the mirror. Furthermore, the MEPs during the RM task demonstrate frequency-dependent modulation (Fig. 8) , as shown in our previous study [2] . The MEPs were lowest at the movement frequency of 3 Hz during the RM task. These results indicate that corticospinal excitability is modulated by motor imagery as though the subject actually executes the RM.
Conclusion
We found that visual feedback of a TC task increased corticospinal excitability, while that of a RM task attenuated the level of increased corticospinal excitability in a frequency-dependent manner. The observed frequency-dependent modulation of corticospinal excitability matches that observed in previous studies in which subjects performed actual movements. 
